The immunity-related GTPases (IRGs) are a family of proteins that are induced by interferon (IFN)-␥ and play pivotal roles in immune and inflammatory responses. IRGs ostensibly function as dynamin-like proteins that bind to intracellular membranes and promote remodeling and trafficking of those membranes. Prior studies have shown that loss of Irgm1 in mice leads to increased lethality to bacterial infections as well as enhanced inflammation to non-infectious stimuli; however, the mechanisms underlying these phenotypes are unclear. In the studies reported here, we found that uninfected Irgm1-deficient mice displayed high levels of serum cytokines typifying profound autoinflammation. Similar increases in cytokine production were also seen in cultured, IFN-␥-primed macrophages that lacked Irgm1. A series of metabolic studies indicated that the enhanced cytokine production was associated with marked metabolic changes in the Irgm1-deficient macrophages, including increased glycolysis and an accumulation of long chain acylcarnitines. Cells were exposed to the glycolytic inhibitor, 2-deoxyglucose, or fatty acid synthase inhibitors to perturb the metabolic alterations, which resulted in dampening of the excessive cytokine production. These results suggest that Irgm1 deficiency drives metabolic dysfunction in macrophages in a manner that is cell-autonomous and independent of infectious triggers. This may be a significant contributor to excessive inflammation seen in Irgm1-deficient mice in different contexts.
The immunity-related GTPases (IRGs) are a family of proteins that are induced by interferon (IFN)-␥ and play pivotal roles in immune and inflammatory responses. IRGs ostensibly function as dynamin-like proteins that bind to intracellular membranes and promote remodeling and trafficking of those membranes. Prior studies have shown that loss of Irgm1 in mice leads to increased lethality to bacterial infections as well as enhanced inflammation to non-infectious stimuli; however, the mechanisms underlying these phenotypes are unclear. In the studies reported here, we found that uninfected Irgm1-deficient mice displayed high levels of serum cytokines typifying profound autoinflammation. Similar increases in cytokine production were also seen in cultured, IFN-␥-primed macrophages that lacked Irgm1. A series of metabolic studies indicated that the enhanced cytokine production was associated with marked metabolic changes in the Irgm1-deficient macrophages, including increased glycolysis and an accumulation of long chain acylcarnitines. Cells were exposed to the glycolytic inhibitor, 2-deoxyglucose, or fatty acid synthase inhibitors to perturb the metabolic alterations, which resulted in dampening of the excessive cytokine production. These results suggest that Irgm1 deficiency drives metabolic dysfunction in macrophages in a manner that is cell-autonomous and independent of infectious triggers. This may be a significant contributor to excessive inflammation seen in Irgm1-deficient mice in different contexts.
The immunity-related GTPases (IRGs) 2 are a family of proteins that mediate diverse immune responses in professional immune and non-immune cells following induction of their expression by interferon (IFN)-␥ and/or lipopolysaccharide. Similar to the related guanylate-binding protein and Mx gene families, they encode large GTP-binding proteins that function as dynamin-like proteins in mediating membrane remodeling and trafficking processes in cells (1) (2) (3) (4) . In the absence of certain IRG proteins, alterations in membrane remodeling events have been observed, including the processing of pathogen-containing vacuoles (5) (6) (7) (8) , vesicle formation and transport (4, 8 -12) , cell motility (13, 14) , autophagy (15) (16) (17) (18) (19) (20) , and mitochondrial fission (20, 21) . How these alterations relate to the dysfunctional immune responses displayed in IRG-deficient cells and mice in response to a variety of pathogens remains unclear.
Targeting of the Irgm1 gene in mice has a particularly profound impact on immunity to bacterial pathogens, leading to elevated bacterial loads and increased lethality following infection with Salmonella typhimurium (13) , Listeria monocytogenes (23) , and Mycobacteria sp. (5, 15, 24) . Previous work has attributed the bacterial susceptibility in Irgm1-deficient mice to defective processing of bacteria-containing phagosomes in macrophages and other cells (5, 15, (25) (26) (27) . That reduced capacity to manifest IFN-␥-induced killing of S. typhimurium and Mycobacterium tuberculosis has been further linked to altered autophagic function in Irgm1-deficient macrophages (15, 20, 21, (27) (28) (29) (30) . Impaired autophagy ostensibly leads to a reduced capacity to restrict bacterial growth, increased inflammation, and ultimately death of the host, although these linkages have not been formally established.
In the studies described here, we address an alternative hypothesis, that a major contributor to increased inflammation and lethality in Irgm1-deficient mice is increased inflammatory cytokine production that directly results from cell intrinsic alterations in Irgm1-deficient macrophages and other cells. Activation of macrophages leading to production of inflammatory cytokines is a well studied process. Classical activation of macrophages results from their priming with IFN-␥, predominantly derived from NK and Th1 cells, followed by their activa-tion with exposure to bacterial products, such as lipopolysaccharide (LPS) (31) (32) (33) (34) . Whereas IFN-␥-priming increases expression of some cytokines, full activation of macrophages with LPS is needed to trigger robust production of the array of inflammatory cytokines characteristically secreted by classically activated macrophages (35) (36) (37) . Recent work has established that LPS-induced activation of macrophages is predicated on metabolic changes in those cells, specifically a shift from oxidative phosphorylation and ␤-oxidation to aerobic glycolysis (34, 38) . Along those lines, when perturbations occur in processes linked to energy metabolism, including autophagy, production of inflammatory cytokines is markedly affected (38, 39) .
To address the hypothesis, we first examined whether inflammatory cytokine production is increased in mice and cells lacking Irgm1. Finding marked increases in inflammatory cytokine production in the absence of Irgm1, we performed further studies to explore the underlying mechanism. We demonstrate that Irgm1 deficiency drives a set of metabolic alterations that instigate inflammatory cytokine production.
Results
Enhanced Proinflammatory Cytokine Production in Irgm1-deficient Mice and Cells-We used a multiplex approach to measure production of an array of proinflammatory cytokines in the serum of Irgm1-deficient mice. Of the 23 cytokines that were assessed, 21 were elevated at least 2-fold in Irgm1-deficient mice as compared with levels in infected WT mice (Fig. 1) . The majority of those cytokines were elevated at least as much in naive Irgm1-deficient mice as they were in those mice following infection with S. typhimurium (supplemental Table S1 ). These results indicate that there is a robust autoinflammation in Irgm1-deficient mice in the absence of infection.
Because several of the cytokines that were found elevated systemically in the Irgm1-deficient mice are produced by macrophages, we next examined primary bone marrow-derived macrophages (BMM) to determine whether Irgm1 deficiency would cause increases in the cytokine levels in a cellautonomous manner. It is important to note that the serum cytokine data indicated that IFN-␥ levels were elevated systemically in Irgm1-deficient mice (which is in agreement with a previous analysis of Irgm1-deficient mice (40) ). Consequently, it is likely that macrophages in those mice are already primed with IFN-␥, and thus we chose to examine the responses of cultured macrophages primed with IFN-␥. Using a dot blot cytokine array, we found several cytokines elevated in conditioned media from IFN-␥-primed, Irgm1-deficient macrophages, including RANTES/CCL5, MCP-1/CCL2, and TNF-␣ ( Fig. 2A) , which was consistent with the serum cytokine data. The increases in RANTES and MCP-1 were replicated using ELISA (Fig. 2, B and C) . In subsequent studies described below, we examined the underlying mechanism that may drive increased proinflammatory cytokine production in Irgm1-deficient cells, focusing on RANTES and MCP-1 as representative, IFN-␥-induced cytokines.
Altered Metabolism in Irgm1-deficient MacrophagesEmerging lines of research show that metabolic changes are critical for immune cell function. Classical activation to the pro-inflammatory state of M1 macrophages with exposure to LPS, alone or in combination with IFN-␥, involves a shift from metabolism primarily driven by oxidative phosphorylation and lipid oxidation to one primarily driven by glycolysis (34, 41, 42) . We reasoned that given the aforementioned changes in autophagy and mitochondrial dynamics that had been described in Irgm1-deficient cells, there may be metabolic changes in Irgm1-deficient macrophages that might contribute to the enhanced proinflammatory cytokine profile seen in those cells. Consequently, we undertook bio-energetic analyses of Irgm1-deficient macrophages.
Glycolytic activity as measured by the extracellular acidification rate (ECAR) was markedly elevated in IFN-␥-stimulated Irgm1-deficient BMM compared with IFN-␥-stimulated WT BMM (Fig. 3, A and B) . There was also a small increase in ECAR in unstimulated Irgm1-deficient BMM compared with unstimulated WT cells. This may be due to the absence of the Pro-inflammatory Cytokines Antiinflammatory Cytokines Chemokines FIGURE 1. Irgm1 deficiency leads to enhanced cytokine production in uninfected mice. Sera collected from three WT and three Irgm1-deficient mice were used for cytokine measurements using a multiplex assay. Shown are average levels of the indicated cytokines in Irgm1-deficient mice relative to levels in WT mice. Error bars, S.E. *, p Ͻ 0.05.
small levels of Irgm1 that is expressed in WT macrophages in the absence of IFN-␥ stimulation. 3 We note that no change in ECAR in WT BMM was observed between control and IFN-␥-primed conditions, because LPS stimulation is required to instigate the metabolic shift to glycolysis seen in classical M1 activation (43, 44) . The increase in ECAR in IFN-␥-primed Irgm1-deficient BMM was corroborated by lactate measurements taken in the course of metabolomic studies (see below), showing that lactate concentrations were 36% higher in IFN-␥-primed Irgm1-deficient BMM compared with IFN-␥-stimulated WT cells (Fig. 3C ), whereas this difference was not present in BMM stimulated with IFN-␥ and LPS (supplemental Table  S2 ).
To determine whether the increased glycolytic activity in Irgm1-deficient macrophages corresponded with decreased oxidative phosphorylation, we subsequently measured the oxygen consumption rate (OCR) in macrophages to gain insight into the capacity for mitochondrial oxidative phosphorylation (OXPHOS). In IFN-␥-stimulated Irgm1-deficient BMM, relative to IFN-␥-stimulated WT BMM, we observed a trend toward decreased maximal respiration rates as well as substantial increases in the ECAR/OCR ratio (Fig. 3, D and E) , indicating that IFN-␥-primed Irgm1-deficient BMM are relatively more reliant on glycolysis to meet the energy demands of the cell. We also observed a significant decrease in several essential electron transport chain proteins in our IFN-␥-primed Irgm1-deficient macrophages, reflecting the decrease in OXPHOS activity (Fig. 3, F and G) . Taken together, these results suggest that IFN-␥-primed, Irgm1-deficient BMM demonstrate a marked shift toward a glycolytic phenotype. Such a shift toward glycolysis is generally seen in WT macrophages after full activation with LPS but not IFN-␥ alone (38, 45, 46) .
We further explored metabolic changes in Irgm1-deficient BMM by measuring levels of key metabolites using a mass spectrometry-based metabolic profiling approach (supplemental Table S2 ). These analyses revealed a striking increase in most long chain acylcarnitines (LC-AC) in IFN-␥-stimulated Irgm1-deficient BMM relative to IFN-␥-stimulated WT BMM, with levels being increased by as much as 15.7-fold ( Fig. 4 and supplemental Table S2 ). In contrast, short chain acylcarnitines were relatively decreased in IFN-␥-stimulated Irgm1-deficient BMM. Because LC-AC have pro-inflammatory properties (47) (48) (49) (50) (51) , these data reinforce the finding that in IFN-␥-primed Irgm1-deficient macrophages, metabolic changes occur that are proinflammatory and typically only seen in macrophages following activation with LPS. We also exposed the cells to LPS and IFN-␥ to examine how the metabolic changes in IFN-␥-primed, Irgm1-deficient cells might compare with those in fully activated macrophages. In macrophages exposed to both LPS and IFN-␥, the levels of LC-AC were increased in both WT and Irgm1-deficient cells relative to control conditions, but they were, in fact, not elevated in Irgm1-deficient cells relative to WT cells (supplemental Table S2 ).
Potential Roles for Impaired Autophagy and/or Mitochondrial Dysfunction in Promoting Proinflammatory
Cytokine Production in Irgm1-deficient Macrophages-As alluded to above, Irgm1 deficiency has been linked to inhibition of autophagic flux in macrophages (2, 15, 19, 21, 27, 52) , fibroblasts (21) , and enterocytes (53) . Thus, it is plausible that this impairment in autophagy may be involved in the metabolic changes in Irgm1-deficient macrophages and that it may drive changes in cytokine expression. To explore this possibility, we examined BMM from Atg7 f/f LysM-Cre mice that have a block in autophagy. However, when autophagy was blocked via the Atg7 deletion, RANTES production following IFN-␥ priming was not affected (Fig. 5A ). These results suggest that an autophagy-independent mechanism drives increased production of a subset of cytokines elevated in Irgm1-deficient cells, including RANTES. It remains possible that impaired autophagy may be involved in the increases in other cytokines seen in Irgm1-deficient macrophages. This is particularly true in the case of cytokines whose expression requires LPS stimulation alone or in addition to IFN-␥. In support of this, we also measured the production of one such cytokine, IL-1␤, in macrophages, finding it to be substantially elevated in both Irgm1-deficient and Atg7-deficient BMM once activated with LPS ( Fig. 5B) (54) .
Mitochondrial dynamics have previously been shown to be altered in Irgm1-deficient cells. Although the underlying mechanism remains unclear, it has been suggested that Irgm1 directly regulates mitochondrial fission, and thus it is conceivable that control of mitochondrial dynamics by Irgm1 would impact metabolic function. Because our studies performed previously in fibroblasts showed that Irgm1 deficiency leads to a more fused mitochondrial network than that seen in WT cells (21), we first addressed in the current studies whether Irgm1 deficiency affects mitochondrial dynamics in macrophages in a similar manner. Although Irgm1 deficiency did, in fact, alter mitochondrial morphology in macrophages, the effect was surprisingly opposite of that seen in fibroblasts, with Irgm1-deficient BMM primed with IFN-␥ displaying a much more punctate mitochondrial morphology than that seen in WT BMM (Fig. 6A ). This change in mitochondrial morphology was probably independent of any modulation of autophagy in Irgm1-deficient BMM, because Atg7-deficient BMM displayed a mitochondrial morphology similar to that of WT BMM (Fig. 6B) . It is known that activation of wild-type macrophages with LPS 
. Irgm1-deficient macrophages show an increase in glycolytic activity. BMM from WT and Irgm1-deficient mice were primed with IFN-␥ or were maintained under control conditions for 24 h. The cells were then subjected to a glycolytic stress test and measurement of the ECAR as a proxy for glycolysis. The experiment was repeated four times, using cells isolated from different mice each time. Shown are representative ECAR measurements from a stress test (A) and a representative ECAR measurement (B). The cells were also used for metabolomic measurement of lactate levels (C), analyzing cells isolated from three separate mice per genotype. Cells were subjected to a mitochondrial stress test and measurement of the OCR as a proxy for oxidative phosphorylation. The experiment was repeated four times, using cells isolated from different mice each time. D, average OCR from a representative experiment. E, average ECAR/OCR ratios over four experiments. In other experiments, BMM from WT and Irgm1-deficient mice were maintained under control conditions, were primed with IFN-␥, or were activated with IFN-␥ for 24 h and LPS for the final 16 h. Protein lysates were isolated and used for immunoblotting with an antibody mixture of electron transport chain (ETC) components. Shown are a representative blot (F) and sum intensities of the bands normalized to actin and averaged over three experiments (G). Error bars, S.E. *, p Ͻ 0.05.
increases mitochondrial fragmentation (27, 55, 56) , with the fragmentation resulting in part from the high production of reactive oxygen species that occurs with activation (56 -59). We thus reasoned that the fragmented mitochondrial morphology in Irgm1-deficient macrophages may be a result of the metabolic changes in those cells in the context of high ROS levels. To test these possibilities, we examined the mitochondrial morphology of cells exposed to the fatty acid synthase inhibitors, cerulenin and C75. Both fatty acid synthase inhibitors markedly decreased the punctate character of the mitochondria in IFN-␥-primed, Irgm1-deficient BMM (Fig. 6C) . Further, Irgm1-deficient cells treated with the ROS quencher, N-acetyl cysteine (NAC), also displayed reduced mitochondrial fragmentation (Fig. 6D) . As a corollary to these experiments, we also tested whether increasing ROS in Irgm1-deficient fibroblasts would reverse the mitochondrial phenotype in those cells. This proved to be the case, as Irgm1-deficient fibroblasts exposed to H 2 O 2 displayed a reversion of the mitochondrial phenotype in those cells (i.e. they no longer showed a more fused mitochondrial phenotype compared with WT fibroblasts but rather a relatively more punctate phenotype (data not shown)). In macrophages, ROS levels were measured, and they were not statistically different in WT and Irgm1-deficient macrophages when the cells were primed with IFN-␥ only (Fig.  6E) . Nevertheless, quenching of the ROS greatly suppressed the elevated levels of MCP-1 and RANTES in IFN-␥-primed, Irgm1-deficient BMM (Fig. 6, F and G) . These results implied that Irgm1-deficient BMM primed with IFN-␥ were not responding to increased ROS levels but were hyperresponsive to similar concentrations of ROS. Taken together, these studies suggest that mitochondrial fragmentation in Irgm1-deficient macrophages is, in fact, not a primary consequence of Irgm1 deficiency in those cells but rather a downstream result driven by diverse metabolic changes in these cells. In addition, the results raise the possibility that high ROS levels may be necessary for the effect of LC-AC on mitochondrial morphology and the enhanced cytokine production seen in Irgm1-deficient cells.
Effect of Metabolic Changes on Proinflammatory Cytokine Production in Irgm1-deficient Macrophages-Because the metabolic changes seemed to be a primary consequence of Irgm1 deficiency in IFN-␥-primed macrophages, we addressed whether the changes in glycolytic activity and accumulation of LC-AC in Irgm1-deficient macrophages were necessary for the marked increases in inflammatory cytokine production. To examine the impact of increased glycolysis, cells were treated with the glycolytic inhibitor 2-DG. As hypothesized, this muted the increase in both RANTES and MCP-1 (Fig. 7, A and B) . In parallel, the buildup of LC-AC was prevented by treating the cells with cerulenin or C75. Treatment with either fatty acid synthase inhibitor muted the increased RANTES and MCP-1 secretion in Irgm1-deficient, IFN-␥-primed BMM to near WT levels (Fig. 7, C and D) . These results indicate that the striking metabolic changes displayed in Irgm1-deficient macrophages IFN-␥/LPS-activated BMM, relative to concentrations in BMM of that genotype under control conditions. Raw acylcarnitine levels can be seen in supplemental Table S2 .
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following exposure to IFN-␥ are key drivers of the pro-inflammatory phenotype of those cells.
Discussion
Specific metabolic changes are required for the effector functions of many immune cells. Up-regulation of aerobic glycolysis often provides a source of biosynthetic materials in inflammatory and/or rapidly proliferating immune cells, whereas noninflammatory immune cells that typically have longer life spans commonly rely on fatty acid oxidation and oxidative metabolism for energy production (39) . This is true of macrophages in which activation to the M1 inflammatory state following exposure to LPS (alone or in combination with IFN-␥) is driven by a shift from energy metabolism dominated by oxidative phosphorylation and ␤-oxidation to one dominated by aerobic glycolysis (60). As we demonstrate here, despite the substantial transcriptional and epigenetically driven changes in gene expression that are known to be induced by IFN-␥ in macrophages (35, 45, (61) (62) (63) (64) , IFN-␥-primed WT macrophages do not display the dramatic shifts in energy metabolism or the accumulation of long chain fatty acids seen in LPS-activated macrophages. This is in keeping with previously published data showing that IFN-␥ induces translational modifications that, in fact, up-regulate pathways associated with oxidative phosphorylation and mitochondrial function while suppressing translational efficiency in pathways associated with biosynthetic activity (45, 64) . Given this context, it is striking that we find that Irgm1 deficiency induces increased glycolysis and LC-AC accumulation in macrophages that have only been primed with IFN-␥, which, in effect, partially mimics the metabolic shifts occurring in WT cells fully activated with LPS. As we demonstrate, these aberrant metabolic changes in Irgm1-deficient macrophages drive inappropriate increases in expression of at least a subset of inflammatory cytokines, including the chemokines RANTES/CCL5 and MCP-1/CCL2. Our data do not differentiate whether the primary change driven by Irgm1 deficiency is the accumulation of LC-AC, promotion of glycolysis, or even sensitivity to ROS-driven changes in metabolism. Nevertheless, the identified metabolic alterations probably contribute to the autoinflammation that we show in uninfected, Irgm1-deficient mice and may also contribute to enhanced inflammatory responses that we have seen in Irgm1-deficient mice in the intestine (53) and following bacterial infections (13, 65, 66) .
The underlying impetus for the metabolic changes seen in Irgm1-deficient macrophages could be the alterations in autophagy that we and others have documented as occurring with Irgm1-deficiency. That work has suggested an impairment in autophagic flux in Irgm1-deficient macrophages (15, 27, 52), fibroblasts (21) , and intestinal enterocytes (53) . Broadly speaking, autophagy is known to promote oxidative respiration, and conversely, its inhibition leads to increased glycolysis (38, 39) . Nevertheless, our results demonstrate that inhibiting autophagy through genetic elimination of the essential autophagy protein, Atg7, does not lead to altered RANTES production in IFN-␥-primed macrophages. Additionally, lack of Atg7 did not affect mitochondrial morphology, in contrast to the strong promotion of mitochondrial fission that we saw in Irgm1-deficient macrophages. Although it remains possible that inhibition of autophagy drives excessive production of some cytokines in Irgm1-deficient cells (perhaps IL-1␤ and/or TNF-␣ in cells activated with LPS), our data strongly support the existence of an autophagy-independent mechanism that causes production of a subset of the inflammatory cytokines produced in IFN-␥-primed, Irgm1-deficient macrophages. It remains possible that signaling upstream of autophagy may still drive these changes (e.g. perturbation of mTOR and altered activation of mTOR-regulated pathways that are distinct from autophagy) (67). Although we currently have no evidence for this, IFN-␥ priming of macrophages has been reported to inhibit mTOR activity (45, 68) , whereas in contrast, activation with LPS exposure activates mTOR (67, 69) . Indeed, activation of mTOR is a key mechanism through which M1 inflammatory macrophages meet the high biosynthetic activity required for a sustained inflammatory response (45, 67, 70) . This and other pathways should be tested in future studies.
A second process that may potentially drive the metabolic changes in Irgm1-deficient macrophages is the increase in mitochondrial fission in those cells that we demonstrate here. Mitochondrial dynamics have generally been associated with different metabolic states; cells relying on fatty acid oxidation or oxidative phosphorylation often display fused networks of mitochondria, whereas those relying on glycolysis tend to have more punctate mitochondria (71) (72) (73) (74) (75) . Further, promoting mitochondrial fission and/or blocking fusion can stimulate pro-inflammatory cytokine production (55, 59, 76, 77) . Nevertheless, our results suggest that the punctate mitochondrial morphology seen in Irgm1-deficient cells is secondary to accumulation of LC-AC in those cells, because treatment of the cells with fatty acid synthase inhibitors to reduce fatty acid concentrations not only blunted RANTES production in IFN-␥-primed, Irgm1-deficient macrophages, it also eliminated the punctate mitochondrial phenotype. This notion is contrary to previous studies that have suggested a direct role for Irgm1 in both associating with the mitochondria and controlling their dynamics (20, 21, 25, 27, 78) . Our ROS-quenching experiments using NAC suggest that ROS are probably required for the effect of Irgm1 deficiency on mitochondrial morphology and production of RANTES and MCP-1 in IFN-␥-primed Irgm1-deficient macrophages. We currently do not know the underlying mechanism. Our results are consistent with a previously published study showing that the effect of LC-AC in increasing inflammatory cytokine production is dependent on the ROS tone of the cells (79) . They are also consistent with many studies showing that ROS drive chemokine expression, including that in IFN-␥-stimulated cells (80) . However, interpretation of our results is tempered by the fact that we did not find an elevation of ROS levels in IFN-␥-primed Irgm1-deficient BMM compared with primed WT BMM. The NAC that was used in our studies is a commonly used direct ROS scavenger that also acts indirectly to quench ROS by inducing expression of glutathione (81) (82) (83) . Nevertheless, some studies have found that NAC can cause effects in cells not related to ROS quenching, as a consequence of its reductive capacity and direct interaction with target proteins to modify their activities (84) . Future studies should clarify the role of ROS in enhanced cytokine production in Irgm1-deficient macrophages.
Our data strongly point to the accumulation of LC-AC as being pivotal for key aspects of the phenotype of Irgm1-deficient macrophages, including the increased production of proinflammatory cytokines and the altered mitochondrial dynamics. The underlying basis for the LC-AC accumulation is not clear. Although our data do not differentiate between increased synthesis of fatty acids and decreased flux through ␤-oxidation, it seems likely that a decrease in ␤-oxidation is involved. The pronounced reduction in citrate levels that we found in IFN-␥-primed, Irgm1-deficient macrophages is consistent with a decrease in ␤-oxidation that would otherwise replenish citrate levels for flux through the tricarboxylic acid cycle (38, 85, 86) . The reduced citrate availability would probably have the effect of decreasing fatty acid synthesis as well as promoting glycolysis by reducing the inhibitory effect of citrate on phosphofructokinase (85) . It is plausible that Irgm1 could play a direct role in lipid homeostasis, because it is a dynamin-like GTPase that associates with specific intracellular membrane compartments, including the Golgi, where it may alter membrane trafficking (11, 12, 21, 25, 52, 78, 87) . Additionally, IRGM proteins have been reported to play roles in lipid droplet maintenance (27, 78, 88) . The novel role for Irgm1, and perhaps other IRG proteins, in modulating fatty acid accumulation and metabolism establishes a new direction for research to unravel the roles of IRG proteins in the regulation of inflammation.
Experimental Procedures
Mice and Cell Culture-Irgm1-deficient tk;1 (23) and Atg7 f/f LysM-Cre mice have been described previously (90) . All mice were housed and maintained under procedures approved by the institutional animal care and use commit- tees at the Duke University and Durham Veterans Affairs Medical Centers. Primary murine BMM were isolated from the tibia and femurs of 2-4-month-old mice and cultured according to standard procedures described previously (13) . The bone marrow was flushed from the bones using a 27-gauge needle fitted to a syringe filled with DMEM (Life Technologies, Inc.); the marrow was dispersed by drawing through the needle 3-4 times; and red cells were lysed with ACK lysing buffer (Life Technologies). Adherent cells were cultured for 6 days in BMM medium (DMEM supplemented with 10% (v/v) FBS (Hyclone) and 30% (v/v) L929 cell-conditioned medium). The cells were cultured on Petri dishes that were not cell culture-treated, resulting in cultures that were loosely adherent and easily removed from the plates with cell dissociation buffer (13150-016, Gibco/ Thermo Fisher Scientific). Twenty-four hours before all experiments, the cells were placed in medium lacking L929-conditioned media (DMEM (11995, Gibco/Thermo Fisher Scientific), supplemented with 10% (v/v) FBS and 100 units/ml penicillin plus 100 g/ml streptomycin (15140, Gibco/Thermo Fisher Scientific)) on coverslips or cell culture plates. All primary cells and cell lines were grown and maintained in a humidified atmosphere of 5% CO 2 at 37°C. Where appropriate, 0.2 g/ml IFN-␥ (IF005, EMD Millipore) and/or 100 ng/ml LPS (L2387, Sigma) was included in the growth medium.
Primary mouse embryonic fibroblasts were isolated and cultured according to standard procedures (91, 92) in media containing DMEM supplemented with 10% (v/v) FBS. The cells were used for experiments between passages 2 and 5.
Bacterial Infections-S. typhimurium SL1344 (93) was cultured overnight at 37 ºC in Luria-Bertani (LB) broth without shaking. Mice were injected i.v. with 6 ϫ 10 5 bacteria in a volume of 0.1 ml of PBS as described previously (13) .
Serum Cytokine Array-Sera were isolated, immediately frozen, and stored at Ϫ80°C. Serum cytokine levels were determined using a BioPlex Mouse Cytokine 23-plex Assay (BioRad). All bead assay samples were quantified on the BioPlex protein array reader (Bio-Rad) in the Laboratory Immunology Unit (Duke Human Vaccine Institute, Durham, NC).
Immunocytochemistry and Mitochondrial Morphology AssayCells were fixed on coverslips with 4% paraformaldehyde (w/v) in PBS for 15 min and permeabilized with 0.2% (w/v) saponin in PBS for 10 min. The cells were then stained for 60 min with anti-TOM20 rabbit polyclonal antibody (FL-145, Santa Cruz Biotechnology, Inc.) at a 1:500 dilution, followed by Alexa Fluor-conjugated secondary antibody (Molecular Probes/Invitrogen) at a 1:750 dilution for an additional 60 min. Cells were imaged on an Olympus IX70 inverted fluorescence microscope equipped with a Hamamatsu C8484-03G01 digital camera and ASI MS2000 XY Piezo Z stage. Cells were magnified ϫ1000. Fifty wide-field fluorescence images were collected per coverslip using Metamorph. All images in an experiment were pooled and randomized in a blinded fashion before being classified as having a tubular, punctate, or mixed mitochondrial phenotype. The images were decoded, and mitochondrial morphologies were expressed as percentage of cells/mitochondrial phenotype.
Western Blotting-Western blotting analyses were performed according to standard protocols (52) . Electron transport chain proteins were probed using the Total OXPHOS Rodent WB antibody mixture (Abcam, ab110413) at a 1:250 dilution, anti-actin mouse monoclonal antibody (MAB1501, Millipore) at 1:1500, and goat anti-mouse (HL) HRP-conjugated IgG (AP308P, Millipore) at 1:1000. The blots were imaged on a Kodak Image Station 4000R using Carestream molecular imaging software. The sum intensities of the dot blots were calculated using the Carestream software and normalized to protein content.
Measurements of Cytokines and Chemokines-A Proteome Profiler mouse cytokine array kit, panel A (ARY006, R&D Systems) was used to compare levels of a small array of cytokines. Cells were plated at 3 ϫ 10 5 cells/well in 6-well plates and primed with IFN-␥ for 24 h. The conditioned media from triplicate wells were collected and pooled and then used to carry out the assay according to the manufacturer's instructions. The dot blots were imaged on a 4000R Kodak Image Station using Carestream molecular imaging software. The sum intensities of the dot blots were calculated using the Carestream software and were normalized to protein content.
ELISA kits were used to measure levels of individual cytokines (mouse RANTES/CCL5, DY478, R&D Systems; mouse MCP-1/CCL2, DY479, R&D Systems). Cells were plated in triplicate at 1 ϫ 10 5 cells/well in 24-well plates; 24 h later, the media were changed, and the cells were incubated for an additional 24 h in 0.5 ml of media containing the following as appropriate: 0.2 g/ml IFN-␥ (IF005, EMD Millipore), 20 M cerulenin (C2389, Sigma), 10 M C75 (C5490, Sigma), 1 mM 2-deoxy-Dglucose (D6134, Sigma), and/or 15 mM N-acetyl-L-cysteine (A7250, Sigma). Conditional media were collected from each well and used undiluted for the MCP-1 ELISA or at a 1:4 dilution for the RANTES ELISA according to the manufacturer's instructions. The absorbance was read using Gen5 software on a BioTek Synergy 2 plate reader.
Metabolic Assays-The OCR and ECAR were measured with a XF24 extracellular flux analyzer (Seahorse Bioscience) using kits and protocols provided by the manufacturer. 1 ϫ 10 5 cells/ well were plated in the Seahorse 24-well plate and incubated with 0.2 g/ml IFN-␥ for 24 h. Cells were washed and incubated in 600 l of Seahorse media in a CO 2 -free incubator for 30 min before the assay. The OCR was then measured over time, following injection of 1 M oligomycin, 3 M carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 100 nM rotenone/ antimycin A, as described in the Seahorse mitochondrial stress test kit (103015-100, Seahorse XF). The OCR was measured without glutamine or glucose added to the media. The ECAR was measured following injection of 10 mM D-glucose, 1 M oligomycin, and 20 mM 2-DG as described in the Seahorse glycolytic stress test kit (103020-100, Seahorse XF). The ECAR was also measured without glucose or glutamine added to the media. ECAR and OCR measurements were normalized to protein content.
Metabolite Measurements-Primary murine BMM or fibroblasts were cultured in triplicate on 100-mm cell culture plates at a density of 3.4 ϫ 10 6 cells/plate. The medium (DMEM supplemented with 10% (v/v) FBS) was supplemented with 0.5 mM L-carnitine and a 100 M concentration of a 1:1 oleate/palmitate stock complexed to 0.14% (w/v) BSA. The cells were maintained under those conditions or additionally exposed to 0.2 g/ml IFN-␥ and/or 100 ng/ml LPS for 16 h. The cells were then scraped and collected in 0.3 ml of 0.6% (v/v) formic acid. An equal volume of acetonitrile was then added to the lysates, which were then stored at Ϫ80º C. Targeted mass spectrometry-based metabolic profiling was performed at the Duke Sarah W. Stedman Nutrition and Metabolism Center Mass Spectrometry Laboratory as described previously (22, 89, 94) . Free carnitine, acylcarnitine, and amino acid levels from macrophage samples were measured by direct injection electrospray tandem mass spectrometry (MS/MS) using a Micromass Quattro Micro LC-MS system (Waters-Micromass, Milford, MA) equipped with a model HTS-PAL 2777 autosampler (Leap Technologies, Carrboro, NC), a model 1525 HPLC solvent delivery system (Agilent Technologies, Palo Alto, CA), and a data system running MassLynx version 4.0 software (Waters, Milford, MA) (89, 94) . Organic acids were quantified using methods described previously (22) employing Trace Ultra GC coupled to a Trace DSQ mass spectrometer operating under Excalibur version 1.4 (Thermo Fisher Scientific, Austin, TX). Metabolite data were normalized to the total protein content in each sample as determined by the Pierce BCA protein assay kit (23225, Pierce Thermo Fisher Scientific).
Statistical Analysis-As indicated for the particular figure, the Z test or Student's t test, as calculated by Excel, was used to assess statistical significance. The significance threshold was set a priori to be p Ͻ 0.05. 
